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ABSTRACT
Temperature and Radiation Measurements of a Pressurized Oxy Coal Flame
Dustin Peter Badger
Department of Mechanical Engineering, BYU
Master of Science
To understand the behavior and performance of a new 100 kW pilot scale pressurized oxycoal reactor, radiation measurements of the flame have been made using a Fourier Transform
Infrared (FTIR) spectrometer. From these radiation measurements, gas temperatures were obtained
using integrated spectral infrared (ISIR) emission from the CO2 and water vapor of the combustion
product gases. Radiative emission from the product gases in the reactor were collected through a
quartz window 1.524 m downstream of the burner. An optical probe focused culminated emission
from the combustion chamber into a silica fiber which transported the radiative signal to the
spectrometer.
The method produced both wall and gas temperatures as well as total integrated intensity.
Values for wall temperature ranged from 1150 to 1450K and gas temperatures ranged from 1150
to 1680K. The wall and gas temperature measurement trends were consistent with expected trends
with periods of increasing and decreasing fuel flow rates. Temperatures could not be verified by
independent measurements, but the absolute uncertainty of the gas temperature was estimated to
be +100 and -50 K in the worst case, with the largest source of uncertainty being due to window
fouling. These temperature and integrated intensity values were compared to measurements taken
using thermocouple and radiometers at the same axial location on the reactor.
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INTRODUCTION

The best method for electrical energy production has been one of the most important and
hotly debated topics for decades. There are many different groups with an invested stake in energy
production, consumption, and stability. Some of the primary concerns relate to the cost,
environmental impacts, national security, and sustainability. Engineers must seek solutions that
address all these issues. The largest unresolved issue in using coal to produce electricity is the
emission of CO2 produced when the carbon in coal is burned.
The Pressurized Oxy-Coal Combustor Project seeks to provide technologies whereby coal
could be used as a clean source of electrical energy production, eliminating CO2 and other harmful
emissions. By combusting coal with pure oxygen, we are left with a product stream that has a high
concentration of CO2 and H2O as it lacks the N2 present in combustion products produced when
air is the oxidizer. The CO2 can then be compressed to a liquid state which can be economically
transported and disposed of through sequestration or enhanced oil recovery use without emitting
it to the atmosphere.
Oxy-combustion of coal at 20 atmospheres (or approximately 293.9 psi) is also
theoretically more efficient than at atmospheric conditions [1]. The inlet stream of oxygen is
already at a high pressure and with the exhaust at a high pressure, there is less compression work
required to reach a liquid state for the CO2. Upon cooling, the high-pressure CO2 product gas
condenses to a liquid at a higher temperature, allowing for higher preheat temperatures. Also, due
1

to the increased pressure and subsequent increase in gas density, a smaller footprint is required for
the reactor design.
A research grant proposed by BYU and funded by the Department of Energy [1] identified
three key technologies that would facilitate the development or pressurized oxy-coal combustion:
1) a dry pressurized coal feed system, 2) a pressurized oxy-coal burner, and 3) a pressurized reactor
slagging system. Proposed designs for these technologies will be investigated in a laboratory scale
(100 kW) reactor.
A key diagnostic identified to analyze the performance of the burner along with the feed
system and overall reactor is to measure the radiative heat flux. In addition to radiometer
measurements of total heat flux, a technique developed on atmospheric reactor flames that
measures both the total radiative flux and the fraction generated by the gas phase alone will be
investigated on the reactor.
The objective of this work is to take spectral radiation measurements using Integrated Spectral
Band pyrometry (ISB) to determine the temperature and integrated intensity contribution of the
gas and wall along a line of sight in the BYU Pressurized Oxy-Coal reactor (POC) at pressures of
7.62 and 15.1 atm. These values will then be compared to measurements taken with a radiometer
and a thermocouple taken at the same time and axial location on the reactor.

2
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LITERATURE REVIEW

The following is a review of different methods of gas temperature and integrated intensity
measurements as well as a review of previous work done with optical pyrometry at BYU.

2.1

Other Gas Temperature Measurement Methods
As combustion is a pivotal field of study in everything from transportation to energy

production, there have been many attempts to find reliable methods for measuring gas temperature
and radiation. These range in complexity from traditional flow-intrusive methods such as
thermocouples, to optical methods like Integrated Spectral Band Ratio (ISBR) pyrometry.
Thermocouples have been an industry standard in temperature measurements because of
their ease of use, low cost of installation and upkeep and relative robustness in mid-temperature
environments [2]. Some of the issues associated with thermocouples are [3]:
•

They are spatial dependent, measuring only a single point in the flow.

•

Unless properly shielded, thermocouples will reradiate to their surroundings, which
are often cooler than the gas being measured. This creates an incorrect temperature
in the thermocouple.

•

Being intrusive measurements, they are subject to wear and deposits if placed in
particle laden or turbulent flows. They can also alter the flow.

•

Thermocouples are unable to measure temperatures above the melting point of the
metals used in the thermocouple.

3

A type of specialized thermocouple is the aspirated thermocouple or suction pyrometer. This
method measures a mean gas temperature, as it uses large quantities of the gas flow to aspirate the
thermocouple and counteract heat losses to the surroundings through radiation. The major
downside of this hardware is that it greatly disturbs the gas flow and can easily clog from particles
in the flow [4] [5].
To avoid dealing with the difficulties of intrusive measurements, several techniques using
lasers emission and absorption have been explored. Coherent anti-Stokes Raman Spectroscopy
(CARS) uses a triad of lasers at different frequencies to produce an anti-Stokes light beam that can
be analyzed to determine a gas temperature [6]. The tunable diode lasers (TDL) method has the
benefit that it can find gas temperatures and H2O concentrations simultaneously by measuring the
absorption of the laser beams at different frequencies as they pass through the gas [7].
Both measurement systems share many of the same drawbacks. Not only does the use of
lasers have inherent safety difficulties, but it also involves heavy optics and alignment
requirements, including at least two points of optical access (for emission and measurement).
Along with these requirements comes a steep monetary and knowledge requirement to setup and
run.
Another non-intrusive measurement used for heat flux but not for temperature is the narrow
angle radiometer. Instead of trying to directly measure the temperature of either a surface or gas,
it measures the total amount of radiative heat flux [8]. The benefit with this system is that it has
high temporal resolution and only requires a single point of optical access for any spatial
measurement point. The main detraction from this methodology is that it is impossible to separate
sources of radiation (such as separating wall emission from gas emission) since it isn’t a spectral

4

measurement. This also makes the measurement susceptible to absorption and fouling of viewing
ports, as it does not produce the information needed to compensate for them.

2.2

Previous BYU Optical Pyrometry Work
The work described in this thesis is a continuation of optical gas temperature measurement

research done in the BYU Combustion Lab.
The work of John Tobiasson [9] [10] focused on using a FTIR (Fourier-transform infrared)
spectrometer to perform ISBR (integrated spectral band ratio) optical pyrometry in an atmospheric
down-fired burner reactor (the BFR) to measure the H2O vapor temperature for natural gas and
biomass combustion products, both in flame and post flame.
This involved developing the radiative heat transfer models for different reactor conditions,
including combined wall and gas medium, a gas and particle medium and a 1-D numerical method
for dealing with combined wall, particles, and gas. The model developed for combined wall and
gas medium is the basis for the methodology outlined in Section 3.1. With the development of
these models, this study also included determining the best wavenumber bands for measuring and
ratioing H2O emission for use in the ISBR method for the H2O and CO2 concentrations found in
atmospheric biomass flame products.
Another aspect of this work was to compare the optical gas measurements to temperatures
found using suction pyrometers (a more traditionally accepted measurement), showing the merit
and usability of optical pyrometry in experimental sized reactors burning different fuels.
Scott Egbert [11] [12] took the work of Tobiasson and applied it to using ISBR optical
pyrometry with a FTIR spectrometer in variety of different natural gas firing rigs. These included
two atmospheric rigs where the initial viability of the ISBR method was tested outside of the BFR,
5

showing that the method would work with shorter pathlengths. Next, data were taken on a
pressurized test rig where the robustness of the method was tested successfully at pressure and
shorter pathlengths as well as showing the viability of using CO2 gas emission for the optical gas
temperature calculation. Lastly, data was taken in a lab scale turbine engine to determine the
methods efficacy in an applied turbine engine setting. The optical turbine inlet temperature
measurements were tested against radiation corrected temperatures measured by thermocouples
and were found to match at all conditions within measurement uncertainties.
Another main focus of his work was the development and testing of a simplified, nonspectral detector for use in the ISBR method. This “Quad” detector uses four detectors each with
a different filter. Two of the detectors are used for two color pyrometry to determine surface
temperatures, and the other two detectors measure H2O emission bands for determining gas
temperature. The Quad detector is still in development at Solar Turbines and is currently being
designed to be used as a test-cell and in field diagnostic tool.
These studies also included work in improving the functionality and accuracy of the ISBR
method. Testing of new gas bands, developing methods of filtering out cold water absorption
during calibrations, restructuring/streamlining of data processing code and determining the best
calibration equation for the FTIR spectrometer are all steps that progressed the ISBR method and
are still used in current work.
Previous work of the author [13] in the BYU Combustion Lab includes using ISB
(integrated spectral band) optical pyrometry in an industry scale test-cell turbine engine to measure
the turbine inlet temperature of the product gases. These tests used a diffraction grating
spectrometer instead of an FTIR spectrometer, to show the viability of using lower cost hardware
for the measurement. Using a spectrometer with a lower wavenumber resolution necessitated the
6

use of a wider gas region than previous examples of the ISBR technique (more datapoints were
needed to average over to combat the noise to signal ratio). This led to the creation of the ISB
method that uses a single large gas band instead of rationing two gas bands, which is used in this
report. Gas temperature values measured with optical pyrometry were again compared against the
gas temperature calculated by the in-house turbine thermodynamics model and matched within
2.6%.

7

3

THEORETICAL BACKGROUND

This chapter will provide an overview of the radiative heat transfer theory used to measure
the total and gas radiation in the POC. The method works by comparing the measured spectral
irradiation from the reactor walls and gas into an optical fiber with that of a spectral radiation
model in selected wavelength regions. The modeled gas compositions are set to be equal to
measured gas concentrations at the reactor exit. The model gas and wall temperatures are then
changed in the model until the model matches the measured irradiation in the selected measured
wavelength regions. It is then assumed that the model is accurate over the entire spectral region,
measured and unmeasured. Using the model, the irradiation from the wall and gas can be separated
and quantified independently. This chapter outlines the theory used to produce the model that will
be compared to the spectral measurement. More information on the derivation and validation of
the model can be seen in the work of John Tobiasson [10].

3.1

Gas Infrared Pyrometry Theory
The model is based on the radiative gas equation for a participating media as shown in

Equation 3-1.

𝜎𝜎𝜈𝜈.𝑔𝑔
𝑑𝑑𝐼𝐼𝜈𝜈
= 𝜅𝜅𝜈𝜈,𝑔𝑔 𝐼𝐼𝜈𝜈,𝑏𝑏 �𝑇𝑇𝑔𝑔 � − 𝜅𝜅𝜈𝜈,𝑔𝑔 𝐼𝐼𝜈𝜈 − 𝜎𝜎𝜈𝜈.𝑔𝑔 𝐼𝐼𝜈𝜈 +
� 𝐼𝐼 (𝑠𝑠̂ ) 𝜙𝜙(𝑠𝑠̂𝑖𝑖 , 𝑠𝑠̂ )𝑑𝑑Ω𝑖𝑖
𝑑𝑑𝑑𝑑
4𝜋𝜋 4𝜋𝜋 𝜈𝜈 𝑖𝑖
8

(3-1)

This equation shows the spectral intensity 𝐼𝐼𝜈𝜈 changes along a pathlength s as indicted by

the terms on the right side. The first term is emission from the gas which is the product of the
absorption coefficient 𝜅𝜅𝜈𝜈,𝑔𝑔 and 𝐼𝐼𝜈𝜈,𝑏𝑏 �𝑇𝑇𝑔𝑔 � which is the spectral blackbody intensity at the gas

temperature (Tg). This term being positive indicates that intensity is increasing with distance, s,
along a line of sight. The next term indicates that the same participating media (gas) is also
absorbing intensity, 𝐼𝐼𝜈𝜈 and the intensity is decreasing with path length. The third term 𝜎𝜎𝜈𝜈.𝑔𝑔 𝐼𝐼𝜈𝜈 ,
indicates the intensity can be decreased by light scattered (or a redirection of the intensity) out of

the view path, and fourth term (the integral term) models the light being scattered from outside to
inside the view path.
Using an ash concentration of 10.5% and the nominal operating conditions found in
Section 4.4, the ash volume fraction (volume flow rate of ash divided by the volume flow rate of
gas entering the reactor) was calculated to be about 5.5*10-5, meaning that relative to the gas flow,
there is very little ash present along the pathlength of the measurement. This ash volume fraction
was deemed low enough to assume that there would be negligible scattering particles at this level
of the reactor, allowing the third and fourth terms that deal with scattering to be dropped from the
equation. This assumption wouldn’t be valid if the reactor was running rich, and large, unburned
coal particles were present along the pathlength, as shown by the work done by Tobiasson [10].
The radiative transfer equation then can be simplified to Equation 3-2.

𝑑𝑑𝐼𝐼𝜈𝜈
= 𝜅𝜅𝜈𝜈,𝑔𝑔 𝐼𝐼𝜈𝜈,𝑏𝑏 �𝑇𝑇𝑔𝑔 � − 𝜅𝜅𝜈𝜈,𝑔𝑔 𝐼𝐼𝜈𝜈
𝑑𝑑𝑑𝑑

9

(3-2)

In the wavenumber regions concerned with this measurement, CO2 and H2O are the only
participating gas species found in the coal flame flue gas. The calculation for the spectral
absorption coefficient then needs to consider both gases and is shown in Equation 3-3.

𝜅𝜅𝜈𝜈,𝑔𝑔 = �𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎,𝜈𝜈,𝐻𝐻2 𝑂𝑂

𝑦𝑦𝐻𝐻2 𝑂𝑂 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡
𝑦𝑦𝐶𝐶𝐶𝐶2 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡
𝑁𝑁𝐴𝐴 � + �𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎,𝜈𝜈,𝐶𝐶𝐶𝐶2
𝑁𝑁𝐴𝐴 �
𝑅𝑅𝑢𝑢 𝑇𝑇𝑔𝑔
𝑅𝑅𝑢𝑢 𝑇𝑇𝑔𝑔

(3-3)

In this equation, the total spectral gas absorption coefficient is shown as the sum of the two
participating gas species that are of concern, H2O and CO2. 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎,𝜈𝜈,𝑔𝑔 are absorption cross section

coefficients derived by Pearson et al. [14] using values taken from the HITEMP database [15] for
the specified gases. Of the remaining values, 𝑅𝑅𝑢𝑢 (the universal ideal gas constant) and 𝑁𝑁𝐴𝐴

(Avogadro’s number) are constant values while 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡 (total pressure) and 𝑦𝑦𝑔𝑔 (the gas mole fraction)

can be measured using pressure transducers and a gas analyzer attached to the reactor respectively.
𝑇𝑇𝑔𝑔 (the gas temperature) is the desired quantity to be calculated using this pyrometry methodology.
Uncertainty introduced into the gas temperature calculation by the pressure and gas concentration
measurements will be discussed in Sections 4.6 and 5.3.
Assuming the gas temperature and composition is uniform along the entire pathlength of
the measurement L, and that the wall opposite the measured irradiation is non-reflecting and gray
(meaning wall emissivity is constant across all wavenumbers), the intensity of gas and wall
emission incident upon the opposite wall of the reactor can be expressed by Equation 3-4. Previous
modeling studies have shown minimal impact by including wall reflection terms, justifying the
assumption of non-reflective surfaces. Also, previous work by Egbert [11] has shown that even
when the assumption of uniform gas temperature and composition is not physically representative
10

of the system, the calculated gas temperature is still within 2% of the geometric average of the gas
temperatures across the pathlength.

𝐼𝐼𝜈𝜈 = 𝐼𝐼𝜈𝜈,𝑏𝑏 (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )𝜀𝜀𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 e−𝜅𝜅𝜈𝜈,𝑔𝑔𝐿𝐿 + 𝐼𝐼𝜈𝜈,𝑏𝑏 �𝑇𝑇𝑔𝑔 �(1 − e−𝜅𝜅𝜈𝜈,𝑔𝑔𝐿𝐿 )

(3-4)

In this resulting equation, 𝐼𝐼𝜈𝜈,𝑏𝑏 (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ) , is the spectral blackbody intensity at the wall

temperature (Twall). When multiplied by a gray wall emissivity 𝜀𝜀𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 this becomes the intensity of

emission as it leaves the wall opposite the measurement. It is then attenuated by the gas, shown by
the multiplication factor of e−𝜅𝜅𝜈𝜈,𝑔𝑔𝐿𝐿 , adjusting the total radiation leaving the wall to be the wall

emission incident upon the viewing optics. Similarly, the gas contribution to total intensity consists
of the product of 𝐼𝐼𝜈𝜈,𝑏𝑏 �𝑇𝑇𝑔𝑔 �, the spectral blackbody intensity at the gas temperature, and 1 − e−𝜅𝜅𝜈𝜈,𝑔𝑔𝐿𝐿 ,

or the spectral gas emissivity 𝜀𝜀𝜈𝜈,𝑔𝑔 .

Figure 3-1 shows the results of modeling the gas only portion of Equation 3-4 at typical

reactor conditions of 0.2032 m pathlength, 1400 K gas temperature, 15.1 atm, and gas
concentraions of 6% H2O and 50% CO2. A black-body emission curve at the same 1400 K is also
added for comparison. A second plot shown in Figure 3-2 shows a narrower wavenumber range
focusing on the area used in the calculations of wall and gas temperature. This selection is limited
by the transmission range of the silica fiber used to collect the incident radiative power.
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Figure 3-1. Modeled emission spectra for CO2 and H2O compared to a black-body emission curve
at the same temperature. Pathlength 0.2032 m, Temperature 1400 K, Pressure 15.1 atm, 6% H2O,
50% CO2.

Figure 3-2. Modeled emission spectra for CO2 and H2O compared to a black-body emission curve
at the same temperature. Pathlength 0.2032 m, Temperature 1400 K, Pressure 15.1 atm, 6% H2O,
50% CO2. Focused on the wavenumber region transmitted by silica fiber optic used in
measurement.
12

The H2O and CO2 emission is seen to occur between 4500-5800 cm-1, while there is
negligible gas emission in the 5800-6300 cm-1 range. Wall emission can be isolated, and wall
temperature and emissivity can be calculated using two-color pyrometer [16] in this range of
negligible gas emission. This will be discussed more in Section 4.4. The regions used in the twocolor pyrometer to calculate wall temperature (abbreviated as BB1 and BB2) and the region of
H2O vapor emission used in gas temperature calculation are shown in Table 3-1. The water vapor
emission region was selected to avoid the complication of adding CO2 emission to the model and
because other regions included wavelengths where the fiber had local regions of poor
transmissivity.

Table 3-1. Wavenumber regions used in temperature calculations.
Name
Broadband 1
(BB1)
Broadband 2
(BB2)
Gas Emission

Purpose
Surface emission for
surface temperature
Surface emission for
surface temperature
Water vapor emission for
gas temperature
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Wavenumbers (cm-1)
6100– 6150
6250 – 6300
5500 –5600

4

EXPERIMENTAL SETUP AND METHOD

The experimental setup includes three main components: the reactor, the supporting optics
and the FTIR spectrometer. The following sections will give a brief description of the reactor’s
major components and detail how radiation data is collected and processed to determine wall and
gas temperatures. Also included are the normal operation conditions at which the reactor is run.

4.1

Reactor Systems
The reactor consists of four main regions. First, the coal feed system that stores, fluidizes

and transports pulverized coal from the coal storage room to the reactor. Second, the burner that
acts as the inlet for the different fuels and oxidants into the reactor through different entry points,
affecting the aerodynamics and mixing of the flame. Third, the main body of the reactor is where
the combustion process occurs, and radiation and temperature measurements are taken of the
flame. Fourth, the exhaust system where the combustion product gases are cooled and
depressurized before being vented to atmosphere.
A schematic diagram of the coal feed system is shown in Figure 4-1. The coal feeder is
made up of a hopper that contains the pulverized coal and the CO2 flows that control the
fluidization and transport of coal from the feeder to the reactor. The first flow is the fluidization
flow. It is controlled by a mass flow controller (MFC) and enters the bottom of the hopper through
a fine metal mesh that evenly distributes the flow, creating a fluidized bed of pulverized coal. Most
14

of this flow (typically 50-62.5%) then exits near the bottom of the hopper toward the reactor,
entraining coal with it. The rest of that flow becomes what is called vent flow. It passes all the way
through the hopper and out the top to the exhaust vent, through a filter that keeps it from carrying
coal with it. This flow helps the coal stay more evenly distributed and helps feed coal more
consistently down to the fluidized bed. The vent flow is controlled by a rotameter, and the
difference between the fluidization flow and vent flow determines which fluidization regime the
fluidized bed is in. Also, the higher the difference between the two flows, the higher the flow of
CO2 towards the reactor, transporting more coal.
The final CO2 flow is the transport CO2. This flow is introduced in the line between the
hopper and the reactor and helps maintain the pressure of the coal feed and control how diluted
the coal is as it enters the reactor, changing the flame temperature. Since it is introduced outside
of the hopper, it doesn’t entrain new coal, thus it doesn’t impact the total coal flow rate.

Figure 4-1. Coal feed system flow diagram.
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The reactor is a long cylindrical vessel, 203.2 mm (8 in) in diameter. The burner sits at the
top of the reactor and consists of four separate input streams, the size and relative position of which
are shown in Figure 4-2. The inner tube is where the fuel flow is introduced. During heat-up, when
the walls of the reactor are reaching the ignition temperature of coal, natural gas is used as the fuel.
During coal firing operations, the inner tube is where the coal and CO2 stream from the coal feeder
enters the reactor. The outer annulus and tertiary lances are where the oxidant and dilution gases
are introduced into the reactor. During natural gas running, the oxidant and dilutant flows are made
up of air, while during coal operation, a mixture of O2 and CO2 is used. Typical gas flow rates
during coal firing are shown in Section 4.4.
The balance of how much oxidant goes to either the tertiary lances or outer annulus affects
the flame structure. If more oxidant is placed in the outer annulus, the flame will shorten, as the
oxidant starts closer to the fuel and mixes quicker because of a swirler placed on the outlet of the
outer annulus. Too much oxidant in the outer annulus has dangers as it risks overheating the burner.
The inner annulus was not used in this work. For more information on the effect of burner flows
on the flame structure, see Cody Carpenter’s thesis [17].
Figure 4-3 shows important features of the main reactor body and exhaust system. The
main body of the reactor is a made up of an eight-inch inner diameter, seven-foot-tall cylinder that
acts as the combustion zone. The flame starts near the burner at the top of the reactor and can
stretch over five feet depending on the flow configurations. Twenty radially oriented access ports
are available for taking various measurements to characterize the flame. They are organized into
columns of five ports on the NW, NE, SW and SE faces of the reactor, starting a foot below the
burner and spaced one foot apart from each other. The NW ports have B type thermocouples used
to estimate the wall surface temperature at different heights within the reactor. The SW ports have
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radiometers mounted to measure the radial radiative heat flux of the flame. The SE ports have been
used for corrosion and particle sampling but data from these probes will not be presented here.
Lastly, the NE ports were used for the optical gas temperature measurements reported here.

Figure 4-2. Burner diagram with positions of different flows.

From the main reactor body, hot product gases are fed into the exhaust system where they
are cooled by a water quench spray and heat exchanger. The pressure of the reactor is regulated by
a pressure control valve, that acts as a critical orifice on the exhaust line, keeping everything
upstream of the valve at the desired operating pressure (either 100 or 210 psig). The pressure
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transducer used to measure the pressure used in the optical temperature calculations is situated just
upstream of the control valve, and the gas analyzer used to measure gas concentrations samples
just downstream of the control valve, so that the gas sample is near atmospheric pressure.

Figure 4-3. Important features of the main reactor body and the exhaust system.

Detailed information is available for subsystems including the burner design [17], exhaust
system [18], coal feed system [19], and early coal firing tests [20].

4.2

Optical Probe Setup
The optical setup that transports measured emission from the reactor to the FTIR

spectrometer consists of four parts, each of which is shown in Figure 4-4. First, a sapphire window
provides a pressure and temperature resistant viewing port. Mountained to the window flange is a
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probe consisting of a plano-convex lens that takes a column of light from the reactor and focuses
it to a point centered on an sma-fiber connection at the back of the probe, as shown in Figure 4-5.
This connection is where a low OH-silica fiber interfaces with the probe and then transports the
focused radiation away from the hot reactor. The fiber terminates in a collimator that takes the
concentrated light beam from the fiber and turns it back to a column that is then shone into the
input port of the FTIR spectrometer. From there the spectrometer creates a file of voltage (based
on radiative intensity) vs wavenumber (with an 0.005 cm-1 increment), ready to be processed into
gas temperature (see Section 4.5).

Figure 4-4. Diagram of components transferring measured emission from reactor to the FTIR
spectrometer.
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Figure 4-5. Diagram of important components of the FTIR probe.

The probe is attached to the reactor using a mounting plate designed to go over the studs
of the window port. The port used in these measurements is the fifth port on the NE side of the
reactor, 1.524 m below the burner, to fulfill the assumption that all of the coal is fully burnt out at
lean conditions, as described in Section 3.1. Figure 4-6 shows the CAD drawing of the mounting
plate as well as a photo of the mount in use.
The temperature measurement relies on the accurate measurement of gas emission from
products in the cylindrical combustion chamber. Transmission of this irradiation can be reduced
by absorption through colder H2O and CO2 in the access port or when passing through a dirty
window. To combat both problems, a control orifice is connected to the window flange, which is
connected to pressurize N2 gas cylinders. It has been found that for this setup, a purge of about 15
kg/hr of N2 is necessary to keep cold absorbing gas out of the viewing port. Also, for absorption
control, the main cavity of the FTIR also needs a continuous purge of N2 to remove cold room air
from the pathlength within the spectrometer itself.
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Figure 4-6. CAD drawing of probe mounting plate (top). Photo of mounting plate in use on reactor
(bottom).

Because the reactor body is not perfectly aligned, especially the optical viewing ports, there
is some variation in the surface temperature of what the probe is actually measuring. Figure 4-7 is
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a picture of the view into the reactor from the probe port. There are four different surfaces that the
probe could be measuring depending on its alignment. The hot interior reactor wall is the surface
contributing most to the measured emission, and the focus of the measurement. The near port,
opposite port and opposite window all are at significantly lower temperatures and do not contribute
a significant amount to the total wall emission, though increasing the amount of the cold wall in
the view area does decrease the overall magnitude of the emission measured. Error in the wall
temperature measurement associated with the phenomenon of measuring multiple surfaces at
different temperatures is discussed in Sections 4.6.1 and 5.3.

Figure 4-7. Photo of the view into the reactor from the probe port before firing coal. Marked are
the four different surfaces that can be viewed/measured by the probe.
4.3

Calibration
The window, probe, optical fiber, and spectrometer were calibrated by the probe in front of a

black body cavity and collecting the spectral signal at 50oC increments from 750 to 1100oC. When
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placed in front of a black body without participating gas media, the intensity incident on the optical
probe represented by Equation 4-1 with the assumption that the emissivity, 𝜀𝜀𝜆𝜆 , is equal to 1.0.
𝐼𝐼𝜈𝜈 = 𝜀𝜀𝜈𝜈 𝐼𝐼𝜈𝜈,𝑏𝑏 (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )

(4-1)

The total irradiated energy transmitted through the fiber is equal to the energy captured from
the lens and focused on the tip of the fiber. This can be represented by the area of the fiber, A, and
the solid angle ΔΩ where intensity can be transmitted through the lens into the fiber, and the
combined transmissivity of the window, lens, and fiber, τ, as represented by Equation 4-2.
𝐸𝐸𝜈𝜈 = 𝜀𝜀𝜈𝜈 𝐼𝐼𝜈𝜈,𝑏𝑏 (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )ΔΩAτ

(4-2)

The voltage produced by the spectrometer is the product of the sensitivity of the
spectrometer, γ𝜆𝜆 and the incident energy as shown in Equation 4-3.
𝑉𝑉𝜈𝜈 = 𝐸𝐸𝜈𝜈 γ𝜈𝜈 = 𝜀𝜀𝜈𝜈 𝐼𝐼𝜈𝜈,𝑏𝑏 (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )ΔΩAτγ𝜈𝜈

(4-3)

The combination of the fiber area, solid angle, and fiber transmissivity and FTIR sensitivity
produces the calibration constant as shown in Equation 4-4. By placing the fiber in front of a black
body cavity of known temperature, as shown in Figure 4-8, it allows all of the terms on the right
side of Equation 4-4 to be known (𝑉𝑉𝜈𝜈 is the measured voltage, 𝜀𝜀𝜈𝜈 , is the surface emissivity which
is 1.0 for a black body, and 𝐼𝐼𝑠𝑠,𝜈𝜈 (T) is the Planck Equation intensity at the black body temperature)

and the calibration constant at each measured wavenumber to be calculated.
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𝐶𝐶𝜈𝜈 (𝜈𝜈, T) = 𝛾𝛾𝜈𝜈 ΩAτ =

𝑉𝑉𝜈𝜈
𝜀𝜀𝜈𝜈 𝐼𝐼𝜈𝜈,𝑏𝑏 (T)

(4-4)

Figure 4-8. Photo of probe and sapphire window mounted in front of black-body radiation source
during spectrometer calibration process.
An example of the volage measured at each wavenumber is shown in Figure 4-9 for eight
black body temperatures. If the calibration constant were equal at all wavelengths the voltage
would follow a shape similar to the Planck curve. This is obviously not the case. The voltage
drops rapidly at specific wavenumbers for example near 4800, 5200, 5800 and below 4500 cm-1,
which do not interfere with the wall and gas bands shown in Table 3-1. This is due to poor
transmissivity of the fiber in these regions. Water absorption can also be seen in the range
between 5150 and 5550 cm-1. This is caused by cold water vapor (humidity) between the black
body and probe during calibration and can be seen as groupings of individual spectral lines
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dipping, as marked on the plot. The calibration constant 𝐶𝐶𝜈𝜈 (𝜈𝜈, T) is found by removing the effect

of the water vapor using a Butterworth filter designed for removing absorption from the
measured voltage spectra and using a curve fit to the data as described by Egbert [12].

Water Absorption

Figure 4-9. Example of calibration process, showing spectra voltages at each black-body
temperature, then the calibrated spectral intensity at each black-body temperature.
The accuracy of the calibration technique was tested by using the calibration constants with
the measured voltages at each wavenumber to determine if the Planck curve has been produced.
The result compares the measured values with the black body intensity at each calibration
temperature as shown in Figure 4-10. It can be seen that the calculated intensities from the
measured voltages are in good agreement with Planck’s equation at each temperature over the
wavenumber range of interest, being at worst within 0.003% in total integrated intensity.
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Figure 4-10. Example data showing the spectral intensity obtained with the measured voltages and
calibration constant in comparison to the Planck spectral intensity at each black-body temperature.
4.4

Operating Procedures
Each run of the reactor followed the same basic structure, consisting of three main phases.

The first phase is overnight heat-up with natural gas. To burn pulverized coal, the interior walls of
the reactor need to be a minimum temperature of 1100K (1500F), as that is the point where the
coal particles volatize, releasing flammable gas. The other target temperature is 1650K (2500F),
which is the slagging temperature of coal. Reaching and maintaining the wall temperature at this
point allows for build-up on the walls of the reactor to become molten and run down into the slag
trap.
The second phase of the process in pressurizing. During this phase, both the coal feed and
reactor are slowly pressurized to either 100 psig (7.62 atm) or 210 psig (15.1 atm), depending on
the testing regime, by inputting CO2 into both systems. During this time, the valve flow on the coal
feed is set to zero, the pressure control valve on the reactor is fully closed and the line between the
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coal feed and burner is closed. Since the natural gas flame cannot be maintained while pressurizing
and the CO2 entering the reactor is approximately at room temperature, the reactor walls begin to
cool.
Between the first two phase, optical measurements are taken of the reactor wall without the
flame going to provide for an in-situ measurement of wall emissivity, as after coal is fired, the
sapphire window between the probe and the reactor will get significantly dirtier. More information
on this measurement is given during the example in Section 4.5.
Once the reactor and coal feed are at the desired pressure, the pressure control valve, coal
feed vent flow and all other gas flows entering the system are set to normal operating conditions,
and the coal feed is allowed to increase by one to two psi above the reactor. The line between the
coal feed and the reactor is then opened, and the pressure differential between the two sections
causes the fluidized coal-CO2 mixture to flow towards the burner. Optical measurements of the
reactor are then taken until the supply of N2 gas for the window purge runs out.
Figure 4-11 shows the wall temperature over each of the three phases at the same axial
location as the probe for the run on 3/22/22. These values were measured using a B-thermocouple
embedded 6.35mm from the inner reactor wall surface.
One important point from the plot is that the decrease in temperature from the pressurization
process is typically greater than the temperature increases during coal firing phase. This means
that during a normal coal run, the reactor does not get back to the temperature reached during the
heat-up phase.
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Figure 4-11. Wall temperature measured with a B-thermocouple for the run on 3/22/22.
For reference, Table 4-1 shows the nominal operating gas flows and reactor pressures for
the three data sets where FTIR gas temperature measurements were taken. With the third data set
as a baseline, the first data set is similar except that the CO2 flow in the outer annulus was added
to the tertiary CO2. This reduced the amount of swirl near the coal flowing into the inner tube. The
second data set differs significantly from the first because the pressure is approximately half of the
baseline case. This lower pressure will increase the average flow velocity and decrease residence
time.
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Table 4-1. Nominal operating conditions for each test day.

Date

2/3/2022
3/10/2022
3/22/2022

Target
Coal Tertiary
Pressure
Feed
O2
(psig)
Rate
(kg/hr)
(kg/hr)
210
100
210

8
8
8

Outer
Annulus
O2
(kg/hr)

Tertiary
CO2
(kg/hr)

3.2
3.2
3.2

39.5
26.9
26.9

26.9
26.9
26.9

Outer
Annulus
CO2
(kg/hr)
0
12.6
12.6

Transport Fluidization Vent
Flow
CO2
CO2
(kg/hr)
(kg/hr)
(kg/hr)
9.7
6
8

4
3
4

The For more information on the natural gas heat-up procedures and overall reactor
operation, see Scott Gardner’s thesis [21].

4.5

Example Determination of Temperatures
The following section steps through an example of how measured spectral intensity is used

to calculate wall and gas temperatures using data point #3 for the reactor run on 2/3/22 as
described in the results section.
The process begins by measuring the spectral emission from the reactor which produces a
voltage response for each wavenumber in the spectrum as shown in Figure 4-12. The measured
voltages are converted to intensities using the calibration described in Section 4.3. Figure 4-13
shows the calibrated spectral intensities for the voltage spectrum shown in Figure 4-12. Also
marked in the calibrated intensity plot are the wavenumber regions defined in Table 3-1 that are
used to calculate wall and gas temperature.
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1.5
1.5
1.5

Figure 4-12. Raw voltage output of FTIR spectrometer for a measured radiation spectrum.

Figure 4-13. Calibrated intensity for a measured radiation spectrum. Also marked are the
background and gas emission regions used in the gas temperature calculations.
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First the wall temperature is found by focusing on the two broadband (BB) regions
identified in the diagram. In this region, gas absorption is negligible, and the measured intensity
can be attributed to that emitted by the wall of the combustion chamber opposite the probe. The
ratio of the integrated intensities black body intensities BB1 and BB2 as represented by Equation
4-5 are a unique function of temperature as seen in Figure 4-14.

6300

∫6250 𝐼𝐼𝜈𝜈,𝑏𝑏 (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )𝑑𝑑𝑑𝑑
6150

∫6100 𝐼𝐼𝜈𝜈,𝑏𝑏 (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )𝑑𝑑𝑑𝑑

= f(𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )

(4-5)

Figure 4-14. BB2/BB1 ratio values of a black-body emission source as a function of temperature.

The ratio of integrated intensity from a grey surface as seen by Equation 4-6 is equal to the
ratio of integrated intensities from a black surface because the emissivity of a grey surface is
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constant and therefore cancels producing the same ratio. If window fouling or any other media
produces a grey absorption of the wall intensity, the wall temperature remains unchanged.

6150

∫6100 𝐼𝐼𝜈𝜈,𝑏𝑏 (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )𝜀𝜀𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑑𝑑𝑑𝑑
6300

∫6250 𝐼𝐼𝜈𝜈,𝑏𝑏 (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )𝜀𝜀𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑑𝑑𝑑𝑑

=

6150

∫6100 𝐼𝐼𝜈𝜈,𝑏𝑏 (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )𝑑𝑑𝑑𝑑
6300

∫6250 𝐼𝐼𝜈𝜈,𝑏𝑏 (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )𝑑𝑑𝑑𝑑

= f(𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )

(4-6)

With the wall temperature known, the wall emissivity can be calculated by solving Equation
4-4 for emissivity as shown in Equation 4-7. This approach requires that the spectral calibration
constant, 𝐶𝐶𝜈𝜈 (𝜈𝜈, T), as defined by Equation 4-4 remains constant throughout the measurement
process. Unfortunately, the windows frequently become coated with condensed water at the
beginning of reactor startup in spite of the purge flow. This water contains dust from the reactor
and port area. When the windows later heat, the water evaporates leaving a film. The windows are
also subject to fouling from surges in fuel flow that overwhelm the purge flow. The window
transmissivity is therefore known to change with time.

𝜀𝜀𝜈𝜈 =

𝑉𝑉𝜈𝜈
𝑉𝑉𝜈𝜈
=
𝐶𝐶𝜈𝜈 (𝜈𝜈, T)𝐼𝐼𝜈𝜈,𝑏𝑏 (T)
𝛾𝛾𝜈𝜈 ΩAτ 𝐼𝐼𝜈𝜈,𝑏𝑏 (T)

(4-7)

Assuming the window fouling is also grey over the measured broadband regions, this
window transmissivity can be combined with the wall emissivity as shown in Equation 4-8 as a
cause for the reduction of measured emission by the FTIR. This combination of wall emissivity
and window fouling transmissivity can therefore be determined from the broadband
32

measurements. This multiple of wall emissivity and window surface transmissivity has been
termed the multiplier, represented by the symbol µ.

µ = 𝜀𝜀𝜈𝜈 τ𝜈𝜈,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =

𝑉𝑉𝜈𝜈
𝑉𝑉𝜈𝜈
=
𝐶𝐶𝜈𝜈 (𝜈𝜈, T)𝐼𝐼𝑏𝑏,𝜈𝜈 (T)
𝛾𝛾𝜈𝜈 ΩA 𝐼𝐼𝑏𝑏,𝜈𝜈 τ(T)

(4-8)

In order to capture an average multiplier for the measured spectral range, the multiplier is
determined by Equation 4-9. As will be seen in the data, the multiplier ranges between 0.33 and
0.67 depending on how clean the window remains before and during the measurements. Any
differences between 𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐼𝐼𝜈𝜈,𝑏𝑏 (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ) due to changes in the calibration coefficients will be
taken account of in the uncertainty analysis described in Section 4.6.

6150

∫6100 𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑

6150

∫6100 𝐼𝐼𝜈𝜈,𝑏𝑏 (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )𝑑𝑑𝑑𝑑

= µ

(4-9)

For the example data, the BB2/BB1 ratio was found to be 0.968, which corresponds to a wall
temperature of 1408K and multiplier of 0.4728. Figure 4-15 shows a black-body emission curve
at that temperature and multiplier compared to the measured intensity curve.
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Figure 4-15. Measured intensity curve with black-body emission curve at 1408K and multiplier of
0.4728.
Figure 4-15 shows the contribution of the gas to the total intensity (blue) is greater than the
intensity produced by the walls (yellow). In order to determine the gas temperature, Equation 3-4
is rearranged with the wall intensity subtracted from the total measured intensity as shown in
Equation 4-10. Note that all of the terms on the right side of Equation 4-10 are known except the
absorption coefficient, 𝜅𝜅𝜈𝜈,𝑔𝑔 . The solution process involves changing the temperature Tg until the
integrated area over the wavenumber range of 5500-5600 cm-1 of the left and right sides of the
equation are equal.

𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐼𝐼𝜈𝜈,𝑏𝑏 (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )𝜀𝜀𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 e−𝜅𝜅𝜈𝜈,𝑔𝑔𝐿𝐿
𝐼𝐼𝜈𝜈,𝑏𝑏 �𝑇𝑇𝑔𝑔 � =
(1 − e−𝜅𝜅𝜈𝜈,𝑔𝑔𝐿𝐿 )

Where: 𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐶𝐶

𝑉𝑉𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝜈𝜈 𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
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(4-10)

Note that while the wall temperature is independent of the magnitude of the multiplier, the
intensity of the measured gas emission can only be determined with known window transmissivity.
In order to determine the window surface transmissivity, data were taken during periods between
the natural gas heat up and coal firing phases, when no flame was present, and the only emission
came from the walls. This provided the cleanest window although still visibly dirty. Since the
window was not completely clean, this provided a lower bound for emissivity with an assumed
transmissivity of 1.0.
The upper bound for wall emissivity is 1 (the wall acts like a black body radiation source),
which would also produce the result that the window surface transmissivity is equal to the
multiplier. For the data shown in this report, an average of the upper and lower bounds of 0.8 was
used for the wall emissivity. So, the window surface transmissivity was calculated as the multiplier
divided by 0.8.
The absorption coefficient, 𝜅𝜅𝜈𝜈,𝑔𝑔 was determined using the pressure and gas concentrations

measured from the reactor. While the H2O concentration was not directly measured, the gas flow
rates entering the reactor, the coal chemical composition, and the measured combustion product
concentrations of dry CO2 and O2 were used to calculate it. Details for the calculation of the H2O
concentration are given in Appendix A.
𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎,𝜈𝜈 values were obtained from the absorption cross section database [14] at a range of

temperature from 0 to 200 K above the wall temperature. For the case of this example, the gas

temperatures used would range from 1408 to 1608 K. Using the 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎,𝜈𝜈 value and other knowns,
Equation 3-3 is used to calculate 𝜅𝜅𝜈𝜈,𝑔𝑔 .
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For this example, the gas temperature was calculated to be 1422.7 K. Figure 4-16 compares
the measured to modeled spectra, with the broadband and gas emission regions marked on the
measured spectra. Clearly the measured data contains a considerable amount of noise. It can also
be seen that although the background intensity was measured using a small separation in integrated
areas, the broadband signal also matches well at 4500 cm-1 where water emission is also negligible,
matching within 0.08% total integrated intensity between the measured and modeled spectra. A
region of poor agreement is seen between the model and measurement in the range between 5600
and 6100 cm-1. This matches the large dip in intensity seen in the raw black body data shown in
Figure 4.9 which is caused by poor transmissivity of the optical fiber in this region. Because if this
poor transmissivity, this spectral region was avoided in the calculation of temperature.

Figure 4-16. Comparison of measured emission spectra versus the final model spectra. Broadband
and gas emission regions used in calculations also marked on measured spectra.
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4.6

Uncertainty
The method for calculating the uncertainty of both the wall and gas temperature

measurements will be outlined in this section, and the resultant uncertainty values will be shown
and discussed in Section 5.3.

4.6.1

Wall Temperature Uncertainty
The two sources of uncertainty in the wall temperature measurements considered are the

calibration and viewing multiple surfaces of different temperatures. The uncertainty due to
calibration would come from changes in the calibration coefficients before and after a run due to
changes in the properties described in Equation 4-3. In previous testing, calibration error for wall
measurements with the ISB method has been found to be approximately 1.7% [13]. The error due
to surface temperature variation across the viewing area of the surface was determined by modeling
an emission spectrum that consisted of 1/3 area at 1400K, 1/3 area at 800K and 1/3 area at 300K.
This was determined to be a worst-case example approximating temperature and area distributions
shown in Figure 4-7. The wall temperature was then calculated for this modeled emission spectrum
using the BB2/BB1 ratio, and the error was determined to be the difference between the resultant
temperature and 1400K. The total error in the wall temperature measurement is then calculated
using Equation 4-11, where the total uncertainty is equal to the square root of the sum of the
individual uncertainties squared.
𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = �(𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 )2 + (𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈surface variation )2
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(4-11)

4.6.2

Gas Temperature Uncertainty

The three largest sources in uncertainty for the gas temperature measurement are 𝜀𝜀𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ,

H2O gas concentration, and pathlength. The impact of 𝜀𝜀𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎 , pathlength, and concentration will

be calculated by processing gas temperatures using the upper and lower bounds of each. For 𝜀𝜀𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ,
the upper and lower bounds will be 1 and 0.69 (see section 4.5 for reasoning). As described above,

the multiplier or product of emissivity and window surface transmissivity is measured in-situ. The
pathlength uncertainty was varied between 8.25 and 7.75 inches, allowing for a 0.25-inch error in
the measurement of the reactor diameter. For gas concentrations, the two-minute window over
which data were taken from the gas analyzer and averaged will shift forward two minutes (the
length of time over which the FTIR takes a measurement) and gas temperatures will be calculated
using the new O2 and CO2 measurements. Again, total uncertainty is calculated by taking the
square root of the sum of the individual uncertainties squared, as shown in Equation 4-12.

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

(4-12)
2

2

= ��𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝜀𝜀𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 � + �𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈Pathlength � + (𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈Gas Concentrations )2
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5

RESULTS

5.1

Measurement Results
Using the FTIR measurements, both the gas and wall surface temperatures were calculated

as well as the total and relative contributions of wall and gas radiation. This section will present
the gas and wall temperature and then relative amounts of radiative heat flux.

5.1.1

Optical Temperatures – Gas and Wall
The calculated wall and gas temperatures shown in Figure 5-1 are grouped by the day the

data were taken. Each day has a set of wall temperatures with a corresponding gas temperature for
each data point as well as error bars for each gas temperature calculation. The uncertainty analysis
used to produce the error bars will be discussed in Section 5.3. Table 5.1 also includes the
calculated multiplier and the pressure and coal feed rate of each point.
Several observations can best be made from all of the data on a single graph. First, gas and
wall temperature are grouped together and are correlated more strongly by the day they were taken
than by the coal firing rate. The highest temperatures are on 3/10/2022, the lowest on 3/22/2022
and intermediate temperatures on 2/3/2022. This is because the reactor walls take hours to reach
steady-state temperature and therefore the temperature measured depends on how long the reactor
cooled before coal was fed and the FTIR data were able to be taken.
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A second observation is that gas temperatures are typically offset and higher than the wall
temperatures but follow the same trends as the wall temperatures on a given day. For the data on
3/22/22 and 3/10/22, wall and gas temperatures appear to decrease with increasing coal flow rate
and the difference between gas and wall temperature decreases with increasing coal flow rate. This
will be explained when looking at graphs of each individual day. Finally, pressure appears to
impact the differential between the wall and gas temperatures. On 3/10/22, when the reactor
pressure was significantly lower, the difference in gas minus wall temperature is significantly
higher than the dates with runs at higher pressure.

1800

Gas Temp - 2/3/22
Gas Temp - 3/10/22
Gas Temp - 3/22/22
Wall Temp - 2/3/22
Wall Temp - 3/10/22
Wall Temp - 3/22/22

1700

Temperature (K)

1600
1500
1400
1300
1200
1100

0

2

4
6
Coal Feed Rate (kg/hr)

8

Figure 5-1. Wall and gas temperatures compared to coal feed rate.

Table 5.1 repeats the gas and wall temperatures shown in Figure 5-1 but also includes the
calculated multiplier, the pressure and coal feed rate of each point. It also allows for the order in
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which the data were taken on a given day to be identified. The numbering for the data does not
start at 1 because data are not reported when reactor flow rates and purge gas flow rates were being
adjusted to target conditions. The reactor was also being used to collect data for other purposes
and during some of the time, these instruments interfered with the FTIR data.

Table 5-1. Results including calculated multiplier, wall and gas temperatures, and the measured
pressure and coal feed rate for each point. Points are listed chronologically.

3/22/2022

3/10/2022

2/3/2022

Date

Time

Pressure
(atm)

3 9:31
4 9:34
5 9:35
6 9:37
7 9:39
8 9:42
9 9:51
10 9:55
20 3:08
21 3:11
22 3:18
23 3:21
24 3:25
26 3:33
27 3:36
4 9:50
5 9:53
6 9:56
7 9:58
8 10:01
9 10:03
10 10:06

15.1
15.1
15.1
15.1
15.1
15.1
15.1
15.1
7.62
7.62
7.62
7.62
7.62
7.62
7.62
15.1
15.1
15.1
15.1
15.1
15.1
15.1

Point #

Coal Feed
Rate (kg/hr)
9.4
8.5
6.8
4.9
2.8
0.7
1.7
0.9
6.6
6.1
4.4
5.1
4.3
4.5
4.3
7.4
8.5
6.6
6.4
6.1
5.8
5.7

Wall
Temp (K)
1408
1445
1418
1411
1382
1385
1324
1322
1347
1399
1415
1430
1444
1456
1455
1147
1189
1177
1197
1204
1208
1173

Multiplier
0.47
0.42
0.44
0.44
0.42
0.38
0.46
0.45
0.47
0.37
0.35
0.34
0.33
0.33
0.34
0.67
0.50
0.56
0.52
0.52
0.52
0.66

Gas
Temp
(K)
1432.8
1556.9
1418.9
1393.4
1281.2
1262.7
1275.2
1295.3
1434.5
1573.2
1633.8
1640.9
1679.8
1668.8
1652.1
1155.3
1218.4
1218.3
1266.4
1278.6
1323.4
1237.4

These data show there is a trend of the multiplier (the product of wall emissivity and
window surface transmissivity) decreasing between the in-situ measurement of multiplier before
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pressurizing (~0.69), and the point where the FTIR measurements during coal firing begins. That
said, there does not seem to be a general trend over the period of coal firing. It has been clearly
observed in the reactor that despite the purge flow, window fouling can increase or decrease as
unburned coal or coal ash can deposit or be removed over time. It is expected that the fluctuations
seen in the multiplier are more likely the result of changing window transmissivity rather than
changing wall emissivity because deposits on the reactor walls burn off much more rapidly and
completely that the window. Although coal flow is decreasing, the amount of time the walls have
been exposed to the hot combustion products from burned coal is increasing. As long as there is
enough coal burning to heat the walls, the wall temperature can increase even though there is a
decreasing coal flow rate.
Focusing on individual runs, the data from 2/3/22 are shown in Figure 5-2. This was the
least steady coal feed of the three data sets with the widest range of coal feed rates. The coal feed
was less steady because these data were taken before several key changes were made to the feed
system and its maintenance and operational procedures. For this run, the coal rate started high (9
kg/hr) and decreased over time to almost zero (0.9 kg/hr). Initially, the wall temperature is seen to
increase and remain relatively constant until the coal feed rate dropped below 6 kg/hr. Below 4
kg/hr the wall temperature drops significantly. Also, these data shows that as the coal feed rate
decreases, the gas temperature goes from above the wall temperature to below the wall
temperature, the transition occurring between 4.9 and 6.8 kg/hr. At 0.72 kg/hr the gas temperature
is over 100 K lower than the wall temperature. This could be caused by the adiabatic flame
temperature for the lower coal flow rates being below the wall temperature. Section 5.2.2 has a
more in-depth discussion on comparing measured temperature values to the adiabatic flame
temperature.
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Figure 5-2. Wall and gas temperatures for run on 2/3/22.

The run on 3/22/22 was the second data set taken at 210 psig (15.1 atm). The calculated
gas and wall temperatures are shown in Figure 5-3. For this data set the coal feed started at 8.5
kg/hr and did not drop below 5.7 kg/hr. All the gas temperatures were above the wall temperature,
but remained within 150 K. With a coal feed above 5.7 kg/hr at all times, the wall temperature
was measured to increase over the duration of the test.
There also appears to be a trend of increasing difference between the gas and wall
temperature during this heat-up period. The same data shown in Figure 5-3 are plotted again in
Figure 5-4, but this time the wall temperature and the temperature difference (Tgas – Twall) are
shown in chronological order. The temperature difference is seen to generally increase with time.
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At the start of this data set, the wall temperatures were relatively low at the measurement location
near the bottom of the reactor (1147 K) and would be even lower at the top because the reactor
had been in a period of cooling without combustion occurring. When combustion of coal began,
the walls at the top of the reactor began heating up more rapidly than the bottom. Over time, as
there was less heat transfer from the gas to the walls in the top section, the gas temperature should
have increased as observed at the bottom of the reactor more quickly than wall temperature. At the
final data point the coal feed rate has dropped to 5.66 kg/hr which may be low enough that the
adiabatic flame temperature of the products is close to the wall temperature.
.
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Figure 5-3. Wall and gas temperatures for run on 3/22/22.
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Figure 5-4. Wall and gas temperature differential and wall temperature over time for run on
3/22/22.
The data set taken on 3/10/22 was the only set where the reactor was operated at 100 psig
(7.62 atm). Figure 5-5 shows the wall and gas temperatures measured as a function of the coal feed
rate. These data have produced a similar trend with the run on 3/22/22. The coal feed rate decreases
modestly during the duration of the run, and as shown in Figure 5-6, the wall temperatures
increased along with the gas to wall temperature differential. Different from the other run, the
magnitude of the temperature differential is much higher, ranging from 87 K to 236 K. This
indicates that there is less heat transfer occurring between the gas and the wall at lower pressure.
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Figure 5-5. Wall and gas temperatures for run on 3/10/22.

Figure 5-6. Wall and gas temperature differential and wall temperature over time for run on
3/10/22.
This result of decreased pressure causing decreased heat loss is possibly a result of two
things. First, as pressure decreases, so does the effective gas emissivity, which decreases the
amount of radiative heat transfer between the gas and the wall. For example, gas at 1450K, 50%
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CO2, 10% H2O and a pathlength of 0.2032m has a drop of 23.7% in effective gas emissivity when
going from 210 to 100 psig (15.1 to 7.62 atm).
Second, decreasing pressure could be moving the point of complete combustion and
therefore maximum gas temperature further down in the reactor. The coal flame has been designed
to be primarily mixing limited with laminar mixing between the coal and oxidizer. Since the
distribution of gas flow entering the reactor is the same between the data sets on 3/10 and 3/22,
the aerodynamics of the flames should be similar. For a laminar diffusive flame, the flame length
is directly proportional to the volumetric flow rate of the reactants. Lower pressure would increase
volume flow rate and push the flame length or point of complete combustion and highest product
gas temperature further down the reactor. This leaves less reactor surface area for the gas to radiate
to before it reaches the probe view path, allowing for less total heat transfer between the point of
maximum gas temperature and the point of the radiation measurement.
To help validate these potential causes of this decreased heat transfer trend, a simple 1D
radiation and convection model of the reactor was created to perform a sensitivity study on the
relationship between different parameters and the temperature differential between the wall and
gas. A discussion of this model and the findings of the sensitivity study are in Section 5.2.

5.1.2

Total Radiation Gas and Wall
Another benefit of this method is that the contributions of radiative and wall emission can

be determined separately. As shown above, Equation 3-4 represents the total spectral intensity at
the wall. The first term on the right side of the equation then represents the spectral intensity
incident upon the measurement side of the reactor with a source from the opposite wall. The second
term is the spectral intensity incident on the measured wall contributed by the gas. These intensities
are measured over the spectral range of the FTIR measurement. In order to calculate the integrated
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total intensity, the model that fits the measured emission spectra was integrated over a range of
100 – 20,0000 cm-1. The results for integrated total intensity as well as the contributions from the
wall and gas, as well as percent gas emission, are shown in Table 5-2 along with radiometer
intensities data taken at the same time and axial location. As a check on the accuracy of the
4
calculations, the Planck curve intensity values used in Equation 3-4 match exactly with 𝜎𝜎𝜎𝜎𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

when integrated over wavenumber and multiplied by Pi.

Table 5-2. Integrated area of model using calculated gas concentrations, multiplier, wall and gas
temperatures of each data point compared to radiometer data taken at same time.

3/22/2022

3/10/2022

2/3/2022

Date

Point
3
4
5
6
9
10
20
21
22
23
24
25
26
27
4
5
6
7
8
9
10

Integrated
Total Intensity
[W/(m^2 x sr)]

Integrated
Wall Intensity
[W/(m^2 x sr)]

Integrated
Gas Intensity
[W/(m^2 x sr)]

% Gas
Emission

6.37E+04
7.52E+04
6.35E+04
6.10E+04
4.61E+04
4.60E+04
5.27E+04
6.31E+04
6.64E+04
6.90E+04
7.19E+04
7.71E+04
7.36E+04
7.31E+04
2.82E+04
3.37E+04
3.22E+04
3.54E+04
3.63E+04
3.83E+04
3.24E+04

3.29E+04
3.77E+04
3.57E+04
3.64E+04
2.97E+04
3.03E+04
3.20E+04
3.82E+04
4.15E+04
4.31E+04
4.56E+04
4.96E+04
4.72E+04
4.72E+04
1.26E+04
1.51E+04
1.50E+04
1.63E+04
1.69E+04
1.74E+04
1.53E+04

3.08E+04
3.75E+04
2.78E+04
2.47E+04
1.64E+04
1.57E+04
2.07E+04
2.48E+04
2.48E+04
2.59E+04
2.63E+04
2.74E+04
2.64E+04
2.59E+04
1.56E+04
1.86E+04
1.72E+04
1.91E+04
1.94E+04
2.08E+04
1.71E+04

48.36%
49.88%
43.71%
40.42%
35.63%
34.12%
39.29%
39.37%
37.43%
37.57%
36.59%
35.62%
35.90%
35.48%
55.26%
55.25%
53.49%
53.95%
53.34%
54.46%
52.84%
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Radiometer
Measurement
[W/(m^2 x sr)]
1.45E+04
1.46E+04
1.48E+04
1.46E+04
1.44E+04
1.45E+04
1.42E+04
1.43E+04
2.44E+04
2.13E+04
2.06E+04
2.01E+04
1.92E+04
1.89E+04
1.86E+04

From Table 5-2 it can be seen that the total integrated intensities, wall integrated intensities
and gas integrated intensities follow the same trends as the wall and gas temperatures. As the
reactor heats up, integrated intensity increases, as it cools off, integrated intensity decreases. Figure

Integrated Intensity [W/(m^2 x sr)]

5-7 shows the integrated total and gas intensities over time for the run on 3/22/22.
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Figure 5-7. Integrated total intensity and integrated gas intensity over time for run on 3/22/22.
Also, the gas contributes a significant portion of the total emission, with the runs at 210
psig (15.1 atm) having about a 10% higher gas contribution than the run at 100 psig (7.62 atm).
This makes sense as according to Equation 3-3 the gas absorption coefficient increases linearly
with pressure. As the absorption coefficient increases the wall contribution decreases and the gas
contribution increases. So, the higher the pressure, the higher the percent contribution from the gas
should be.
This data shows one of the major advantages of the ISB method over radiometers in that
the radiometers have no way of compensating for the fouling of their viewing windows. For
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example, on 3/10/22 there was an event where a large slug of coal entered the reactor and coated
most of the windows before the FTIR data were taken, and for the rest of that day, the radiometer
has significantly lower heat flux than the optical pyrometry value. And looking at the radiometer
data from 3/22/22, the measured heat flux decreases across the entire time span that FTIR data
were taken even though the total emission measured with the FTIR increases as seen in Figure 58, suggesting the window was continuously getting dirtier over time. Also, as described in Section
2.1, since the radiometer doesn’t differentiate between wall and gas emission, it is impossible to
tell if its port was purged enough to remove cold absorbing gases.

Figure 5-8. FTIR spectrometer vs radiometer wall total measured intensity over time for the run
on 3/22/22.

Another possible reason for the lower value for the radiometer on 3/10/22 is that, since the
view angle on the radiometers is smaller than the FTIR probe, it is possible to align the radiometer
to look through the port on the opposite side of the reactor and see little to no hot reactor wall,
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measuring mostly or only gas emission. Since the radiometers are removed between every run, it
is possible that on 3/10/22 they are aligned to mostly just see the gas, but on 3/22/22 they are
pointed at the wall and are seeing wall and gas emission.

5.2

Discussion of Results
Additional insights into the validity of the data can be obtained by a comparison with

thermocouple measurements, a comparison to adiabatic flame temperature and a closer look at the
spectral data.

5.2.1

Comparison to Wall Thermocouple Measurements.
Wall thermocouple measurements were not available for the first run on 2/3/2022 but were

available for the latter two runs. A B-type thermocouple was embedded 6.35mm from the reactor
wall surface at the same axial distance down from the burner but 90 degrees azimuthally from the
optical measurements. Figure 5-9 compares the optical and thermocouple wall temperatures over
time.
The optically measured wall temperatures are consistently lower than the thermocouple
temperatures. On 3/10/2022 the differences are typically on the order of 30 – 50 K. On 3/22/ 2022
the differences are 100 – 130 K. First of all, it should be recognized that the reactor flows may not
be perfectly axisymmetric and there can be differences in actual surface temperature moving
azimuthally around the reactor a fixed distance from the burner. This may account for some of the
difference in the two temperatures.
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Optical Wall Temp - 3/10/22
Optical Wall Temp - 3/22/22
Thermocouple Temp - 3/10/22
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Figure 5-9. Optical vs thermocouple wall temperatures over time.

More importantly however, it is known that during periods of reactor cool-down as occurs
between the natural gas heating of the reactor and the injection of coal, cold CO2 is being inserted
through the reactor and the wall surface temperature will become lower than the temperature of a
thermocouple embedded below the surface. This temperature difference will initially grow with
time before decreasing. It should therefore be expected that initially when coal firing begins, the
surface temperature should be lower than a temperature 6.35 mm below the surface. The two
measured temperatures are therefore not producing an unexpected result.
It can be seen that while coal is burning, the temperature of both the surface (optical) and
embedded (thermocouple) are increasing. Note also that the slopes and magnitudes of increase in
temperature are similar for both the measurement techniques. Also, note that the surface
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temperature (optical measurement) is increasing more rapidly than the embedded temperature
(thermocouple) as would be expected during a heat up period.
Looking at the slopes of temperature increase, the wall temperature is increasing at a rate
of 2.3 K/min on 3/10 when the pressure was low, and the flame was expected move down the
reactor closer to the wall measurement while the heat up rate was 0.93 K/min on 3/22 when the
pressure was high, and the products had longer to cool before reaching the measurement point.
These data suggest that the measured optical wall temperatures are completely consistent
with thermocouple measurements obtained at the same axial location in the reactor.

5.2.2

Adiabatic Flame Temperature Comparison
As an upper limit to what the gas temperature could physically be, an adiabatic flame

temperature assuming ideal complete products of combustion was calculated across the range of
coal feed rates with using the nominal operating gas flows. These flows have a CO2 to O2 mass
ratio of 1.66 and a stoichiometric ratio based on fuel to oxidizer mass ranging from 13.82 at 1
kg/hr of coal to 1.47 at 9.42 kg/hr of coal. This shows how over the entire range of flows, the flame
is very lean, having 47% more oxidant than needed to burn stoichiometrically at the highest coal
flow rate. Even at these high levels of excess oxygen, the adiabatic flame temperatures for the high
coal flow rates are still close to the adiabatic flame temperature for air fired coal, as the dilutant to
oxidant ratio is half that of N2 to O2 in air. Oxidant not used up in the combustion process then just
acts like a nonparticipating dilutant, offsetting the loss in dilutant going from N2 to CO2. Figure 510 compares the measured gas temperatures to this calculated adiabatic flame temperature.
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Figure 5-10. Comparing measured gas temperatures to calculated adiabatic flame temperatures.

These data show that for all measurements where the wall temperature is lower than the
adiabatic flame temperature, the gas temperature is above the wall temperature. For all the points
where the wall temperature is above the adiabatic flame temperature, the gas temperature is below
the wall temperature. This makes sense, as the gas temperature should always be between the wall
and adiabatic flame temperatures, because if the gas starts hotter than the wall, it will radiate and
convect heat to the wall, cooling the gas. If the wall is hotter than the initial temperature of the gas,
it will radiate to the gas, heating it up. But in either case, the gas can’t be cooled or heated above
the wall temperature.
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5.2.3

Measured and Modeled Spectral Comparison

Another way of validating the temperatures calculated is to look at how well the measured
spectra matches a modeled spectra with the calculated multiplier, H2O concentration and wall and
gas temperatures. Figure 5-11 shows the raw measured and modeled spectra in the gas band region
for data point #3 from 2/3/22 and Figure 5-12 shows the same, but the measured spectra has been
smoothed using the function shown in Equation 5-1 to remove some of the noise in the data.

𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒 (𝑖𝑖)
= 𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑖𝑖 − 5) + 3 𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑖𝑖 − 4) + 5 𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑖𝑖 − 3) + 7 𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑖𝑖 − 2)
+ 9 𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑖𝑖 − 1) + 13 𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑖𝑖) + 9 𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑖𝑖 + 1) + 7 𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑖𝑖 + 2)
+ 5 𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑖𝑖 + 3) + 3 𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑖𝑖 + 4) + 𝐼𝐼𝜈𝜈,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑖𝑖 + 5)

(5-1)

Figure 5-11. Comparing measured and modeled emission spectra in the gas band region for data
point #3 on 2/3/22.

55

Figure 5-12. Comparing the convolved measured and modeled emission spectra in the gas band
region for data point #3 on 2/3/22.
This comparison shows that a model with the parameters calculated with the ISB method
does match the measured spectra well in the H2O region being studied, both in the location of
emission peaks and magnitude of the spectral peaks and valleys. For example, the measured and
modeled spectra in Figure 5-12 match integrated intensity over the gas band within 0.0225%.

5.2.4

Comparison with Heat Flux Modeling
The final validation exercise is to compare the results of a simplified 1D heat transfer model

to the calculated temperature differential between the wall and the gas as described in Section 5.1.
For this model, the starting temperature is assumed to be the adiabatic flame temp, the walls of the
reactor are assumed to be isothermal and at a constant temperature of 1400K. Radiation and
convection are assumed to be instantaneous. The length between the highest temperature is
assumed to be 1.3m above the radiation measurement point (1.524m total from burner minus a
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0.224m combustion distance). That distance is subdivided into 1-mm long segments, each with a
gas temperature entering and a gas temperature exiting.
With these assumptions, the heat transfer equation for radiation and convection from the gas
to the wall simplifies to what is shown in Equation 5-2.

4
4
𝑞𝑞 = 𝐴𝐴 �𝜀𝜀𝑔𝑔𝑔𝑔𝑔𝑔 𝜎𝜎�𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔
− 𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
� + ℎ�𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔 − 𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ��

(5-2)

In this equation, q is the heat transfer in watts, A is the surface area of the reactor within the
1-mm long segment, 𝜀𝜀𝑔𝑔𝑔𝑔𝑔𝑔 is the gas emissivity, 𝜎𝜎 is the Stefan–Boltzmann constant ( 5.67 ∗
𝑊𝑊

10−8 𝑚𝑚2 4 ), 𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 is the wall temperature, and 𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔 is the temperature of the gas entering the
𝑇𝑇
computational domain, starting with the adiabatic flame temperature at the top of the reactor.
Equation 5-2 is combined with Equation 5-3, the heat removed in each computational segment to
determine Tout.

𝑞𝑞 = 𝑚𝑚̇𝐶𝐶𝑝𝑝 (𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 )

(5-3)

Here, 𝑚𝑚̇ is the mass flow rate of the combustion products, Cp is the specific heat at constant

pressure. 𝑇𝑇𝑖𝑖𝑖𝑖 is the temperature entering each domain, and 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 is the temperature leaving the

domain. Each Tout is then set as the Tin for the next segment until the bottom of the reactor is

reached. The final Tout is deemed the gas temperature at the point of the radiation measurement.
Using this very simplified heat transfer model, the sensitivity of the temperature differential
between the wall and gas to different parameters was tested. To simulate the change in pressure,
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the 𝜀𝜀𝑔𝑔𝑔𝑔𝑔𝑔 was tested at 0.2 and 0.1, h at 20 and 30 (W/m2 K), and the total length, L, between the
maximum gas temperature and the bottom of the reactor at 1.3 m and 0.75 m. Also, to check for
sensitivity to error in the adiabatic flame temperature calculation, starting gas temperatures of 2500
and 2100 K were tested. This accounts for 50% error in coal feed rate. Table 5-3 shows the
difference in temperature ∆T results for each set of tests.
Table 5-3. Sensitivity study of ∆T between wall and gas versus 𝜀𝜀𝑔𝑔𝑔𝑔𝑔𝑔 , h and length between max
temperature and the bottom of the reactor.

Base Test

Variable

Value

Tadiabitic

2100 K
0.2
20
1.5 m
2500 K
0.1
30
.75 m
0.1
.75 M

𝜀𝜀𝑔𝑔𝑔𝑔𝑔𝑔
h
L

Tadiabitic

𝜀𝜀𝑔𝑔𝑔𝑔𝑔𝑔
h
L

Combined 𝜀𝜀𝑔𝑔𝑔𝑔𝑔𝑔
and L Change

𝜀𝜀𝑔𝑔𝑔𝑔𝑔𝑔
L

(Tgas-TWall)
(K)

∆T

Change in ∆T
from Base Case
(K)

5.5

-

6.8
37.8
4.2
49.0

1.3
32.3
-1.3
43.5

139.3

133.8

While exact values from this study will not apply directly to the results found in the reactor,
as the model is overly simplified compared to the reality of the system, several interesting trends
are applicable to what is seen in the reactor. First, convection and the initial gas temperature both
have little impact in the final temperature differential. This helps explain why measured gas
temperature is not a strong function of coal feed rate, as coal feed rate mostly impacts the initial
gas temperature. Second, 𝜀𝜀𝑔𝑔𝑔𝑔𝑔𝑔 and L both have a significant impact on the temperature differential,

and they both change with pressure to produce a higher ∆T at lower pressures. While the magnitude
of the modeled ∆T doesn’t match the values measured on the reactor, it does show that a change
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in 𝜀𝜀𝑔𝑔𝑔𝑔𝑔𝑔 and L caused by pressure change can cause a shift in ∆T in the direction shown in the

experimental data.

5.3

Uncertainty Analysis
Uncertainty in the gas temperature measurement was calculated for the three parameters,

𝜀𝜀𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 , pathlength and gas concentration, which were each shown to contribute proportionally to
the measured intensity in Section 4.6. The total uncertainty was calculated using the square-root

of the sum of the square of each individual uncertainty. Table 5-4 shows the breakdown of each
individual error by parameter, and total error.
The first take away from this study is that a better value for wall emissivity would have the
highest impact in improving the gas temperature calculations. Across all data points, the error from
wall emissivity is greater than the error propagated from the other two sources. The error from this
source is significantly higher for the run on 3/10/22 as compared to the other runs because it had
on average a much lower multiplier, meaning the window was dirtier and the FTIR measured less
intensity. Then, when the assumed wall emissivity was adjusted from 0.8 to 1 for the uncertainty
calculation, it had a higher relative increase in signal as compared to the other runs, producing a
higher error in gas temperature.
Second, the highest errors caused from gas concentrations came from the day (2/3/22) with
these least steady coal flow rate, whereas the other two runs had errors of roughly the same
magnitude. This is because when the coal flow rate is less steady, the measured values in CO2 and
H2O concentrations in the exhaust fluctuate more. With the gas concentrations changing more over
the time period of the FTIR measurement as well as before and after, any error in matching the
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time window of the two measurements will be magnified. So, the steadier the coal feed rate, the
less error is expected in the gas temperature measurement.

Table 5-4. Uncertainty in gas temperature calculations from each of the three sources and total
uncertainty.
Error from Wall
Emissivity (K)

3/22/2022

3/10/2022

2/3/2022

Date

Error From
Pathlength (K)

Error From Gas
Concentration
(K)

Point
#

Coal
Feed
+ Error
Rate
(kg/hr)

- Error

+ Error

- Error

+ Error

3
4
5
6
7
8
9
10
20
21
22
23
24
26
27
4
5
6
7
8
9
10

9.80 62.45
9.04 77.43
7.53 60.49
5.86 57.74
2.82 45.53
0.72 43.37
3.12 46.98
2.42 49.35
8.81 68.20
8.29 81.49
7.13 89.93
7.89 90.45
6.98 95.93
7.24 93.78
6.95 100.83
7.94 39.78
8.51 44.84
7.18 45.12
7.05 49.61
6.79 49.98
6.45 55.80
6.37 47.18

38.67
47.16
37.53
35.73
28.74
28.10
29.41
30.82
32.81
44.09
48.31
48.55
51.32
50.26
41.41
30.48
34.35
34.57
37.85
38.81
42.07
36.01

2.02
4.19
1.46
0.98
-1.50
-2.22
-0.05
0.61
12.50
6.01
7.34
7.16
7.90
7.38
15.43
1.15
1.69
2.09
2.83
2.87
3.94
2.66

2.09
4.47
1.53
1.05
-1.64
-3.03
-0.05
0.64
4.30
5.71
6.92
13.41
7.42
15.89
-1.54
6.36
1.54
12.75
17.58
19.36
27.03
18.38

6.44
37.27
18.47
23.58
12.25
41.25
8.44
12.50
7.30
9.59
14.12
23.72
2.14
5.04
6.67
3.41
-
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Total Error
(K)

- Error

+ Error

- Error

-

62.81
86.04
63.26
62.37
47.17
59.90
46.98
50.07
70.45
82.03
90.23
91.24
96.26
95.13
102.00
39.79
50.76
45.22
49.94
50.51
56.05
47.25

38.73
47.37
37.56
35.75
28.78
28.26
29.45
30.82
33.09
44.46
53.87
50.36
51.87
52.71
41.45
31.57
34.39
36.85
41.73
43.37
50.01
41.01

1.43
22.82
1.22
1.07
5.23
6.86

The absolute uncertainty of the gas temperature was estimated to be +100 and -50 K in the
worst case, or approximately +6.1% and -3%. The uncertainty in the wall temperature
measurement due to variation in surface temperature across the viewed surface area was found to
be +-1% for a worst case. When combined with the calibration error of 1.7% gives a total
uncertainty of +-2% or +-29K in the worst case.
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6

SUMMARY AND CONCLUSIONS

To help understand the performance and behavior of a pressurized oxy-coal reactor, Integrated
Spectral Band (ISB) optical pyrometry was used to determine the wall and gas temperatures as
well as total integrated intensity of a Pressurized Oxy-Coal (POC) reactor in the post flame region.
On three separate runs, physically realistic values for each parameter were found over a span of
varying fuel flow rates including two different pressures (100 and 210 psig). Because of the long
time period required to reach steady state wall temperatures (over 10 hours), the gas temperature
at the measurement location 1.524 m below the burner reached only a quasi-steady temperature
based on the upstream reactor wall temperatures at the time. Coal flow rates varied over periods
of several minutes but were relatively constant during a measurement period of 1-2 minutes. At
the measurement location, models showed that the gas would cool or heat to values approaching
the wall temperature consistent with the measured data. All measured gas temperatures were found
to be between the wall and adiabatic flame temperatures at each point, always closer to the wall
than the flame temperature. Values for wall temperature ranged from 1150 to 1450K and gas
temperatures ranged from 1150 to 1680K. Overall, the trends found in this data were consistent
with expected trends with periods of increasing and decreasing fuel flow rates.
The absolute uncertainty of the gas temperature was estimated to be +100 and -50 K in the
worst case. The largest source of uncertainty was due to window fouling, causing uncertainty in
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the measurement of 𝜀𝜀𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 . The absolute uncertainty in the wall temperature was estimated to be +29K.

Optically measured wall temperatures were compared to data collected using a B-type
thermocouple embedded in the reactor wall, 6.35 mm below the surface, at the same axial distance
from the burner. In all cases, the thermocouple gave a higher wall temperature (50-150K
difference) than the optical measurement, but both temperatures followed the same trends over
time. The optically measured wall temperature is expected to be lower than the embedded
thermocouple because of the temperature gradient in the radial direction created during cooling
just prior to coal combustion.
The total integrated intensity calculated from the optical measurement was compared to the
measurements of a radiometer mounted on the port opposite of the FTIR probe. While the two
methods agree in relative magnitude of the radiation, they show opposite trends over time, with
the radiometer heat flux decreasing while the optical pyrometer was increasing. As the wall and
gas temperatures were measured to be increasing over these periods, it is expected that the optical
values are correct in trend and the radiometer is unable to correct for increased fouling of the
optical windows.
The heat flux contribution of the gas was roughly half (50 %) of the total heat flux at higher
pressure (210 psi) and approximately 40% at lower pressures indicating the gas phase is a
significant participant in total heat flux once the fuel has been burned. This is a significantly higher
gas contribution than in coal combustion with air because the N2 making up 75% of the air mixture
is not a participating medium, while the CO2 used as dilutant in oxy-coal is a participating medium.
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While the radiometer has the benefit of being a continuous measurement, ISB measurements
with the FTIR spectrometer allows for a correction due to window fouling and produces both the
total integrated and individual contributions from the wall and gas.
Potential improvements in the implementation of the ISB method on the POC reactor
include the following:
•

Redesign of FTIR probe with water cooling and probe purging so that it can sit inside the
reactor, flush with the inside wall. This would enable a much lower mass flow of purge gas
to be used and help to eliminate window fouling. This would also enable the probe to be
directed to see just the reactor wall or just the opposite port with no wall emission. By
seeing only wall, a better wall temperature can be obtained and both wall and gas
temperature can be accurately measured. In areas where broadband particle emissions
occur upstream in the flame zone, the broadband particle emission can only be determined
if there is no broadband wall emission. In these locations, the probe would need to be
directed at a cold access port only with no wall emission.

•

Inclusion of a mass flow controller on the nitrogen purge line to keep the purge flow
steadier and decrease window fouling.

•

Redesign of window mounts so nitrogen purge is directed at window, not just into the port
to help reduce solid deposition.

•

Use a fiber optic with a wider wavenumber band of effective transmission, allowing the
exploration of different broadband and gas regions.
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APPENDIX A.

WATER CONCENTRATION CALCULATION

The method used for calculating water concentration necessary for modeling the gas
emission involves three sets of input data, the coal ultimate analysis (mass concentrations of the
coal component elements), the O2 and CO2 concentrations measured in the exhaust and the gas
flows entering the reactor. The O2 and CO2 flows are well defined because those flows are
controlled by mass flow controllers, but the coal and N2 flows are either unknown (in the case of
N2) or measured unreliably (the coal flow rate).
Using an initial guess for coal and N2 flow rates, the gas concentrations in the exhaust can
be modeled using stoichiometry and the assumption of complete combustion (valid considering
the high amount excess O2 of and lack of CO measured in the exhaust). Using Excel’s built-in
solver, the coal and N2 rates can be adjusted until the modeled and measured O2 and CO2
concentrations match. The coal feed rate found using this method is the value used in the results
section. All these calculations are done using the Excel document shown in Figure A-1.
Equation A-1 shows the balanced combustion reaction for the conditions measured at the
same time as the data point described and processed as an example in Section 4.5.

𝐶𝐶.53 𝐻𝐻.46 𝑁𝑁.0093 𝑆𝑆.0014 𝑂𝑂.075 + .014 𝐻𝐻2 𝑂𝑂 + .69 𝑁𝑁2 + 1.19 𝐶𝐶𝑂𝑂2 + .94 𝑂𝑂2 →
1.72 𝐶𝐶𝑂𝑂2 + .24 𝐻𝐻2 𝑂𝑂 + .7 𝑁𝑁2 + .0014 𝑆𝑆𝑂𝑂2 + .21 𝑂𝑂2

1

(A-1)

The left side of the equation is made up of the different species of reactants: the fuel (coal
or 𝐶𝐶.53 𝐻𝐻.46 𝑁𝑁.0093 𝑆𝑆.0014 𝑂𝑂.075), dilutant (CO2), oxidant (O2), window purge (N2) and moisture in

the coal (H2O). The right-hand side of the equation are the ideal combustion products of lean
combustion.

Table A-1 contains the original gas concentrations measured with the gas analyzer, and the
subsequent gas concentrations and flows calculated using this methodology.

Figure A-1. Screenshot of Excel document used in water concentration calculation showing inputs,
solver variables and outputs.
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Table A-1. Measured and calculated gas flow rates and concentrations.

Date

Point
#
3

2/3/2022

4
5
6
7
8
9
10
20
3/10/2022

21
22
23
24
26
27
4
3/22/2022

5
6
7
8
9
10

O2
Concentration
(Dry)

CO2
Concertation
(Dry)

O2
Concentration
(Wet)

CO2
Concertation
(Wet)

Coal
Feed
Rate
(kg/hr)

N2
Rate
(kg/hr)

H2O
Concentration

0.08
0.11
0.15
0.20
0.26
0.31
0.29
0.31
0.19
0.21
0.25
0.23
0.25
0.24
0.25
0.16
0.13
0.17
0.17
0.18
0.19
0.19

0.65
0.63
0.58
0.53
0.48
0.43
0.46
0.44
0.69
0.67
0.60
0.61
0.58
0.59
0.58
0.67
0.63
0.58
0.57
0.56
0.54
0.53

0.07
0.10
0.14
0.20
0.25
0.31
0.28
0.31
0.18
0.19
0.23
0.21
0.23
0.22
0.23
0.15
0.12
0.16
0.16
0.17
0.18
0.18

0.60
0.58
0.54
0.51
0.47
0.43
0.45
0.44
0.63
0.61
0.56
0.57
0.55
0.55
0.55
0.62
0.58
0.55
0.54
0.53
0.52
0.51

9.43
8.55
6.79
4.88
2.82
0.72
1.70
0.91
8.81
8.29
7.13
7.89
6.98
7.24
6.95
7.42
8.51
6.57
6.43
6.14
5.75
5.66

19.37
19.14
20.26
20.27
20.50
19.95
20.23
19.72
7.26
8.21
11.56
12.48
12.87
13.44
12.79
10.99
14.86
18.01
18.85
19.63
20.24
21.19

0.085
0.077
0.061
0.044
0.025
0.007
0.015
0.008
0.089
0.083
0.064
0.070
0.061
0.063
0.061
0.076
0.089
0.062
0.060
0.056
0.053
0.051
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